Endocytic sorting of activated receptor tyrosine kinases (RTKs), alternating between recycling and degradative processes, controls signal duration, location and surface complement of RTKs.
identified new roles for GGA3 in regulating β1 integrin trafficking. We found that GGA3 knockdowns reduced total and cell surface levels of α2, α5 and β1 integrin subunits, inhibited cell spreading, and reduced focal adhesion numbers as well as cell migration. 16 The microtubule (MT) cytoskeleton plays an essential role in numerous fundamental processes, including cell division, migration, differentiation, morphogenesis and intracellular trafficking. 14, [17] [18] [19] MTs also serve as a rail on which motor proteins, such as kinesin and dynein convey their cargoes. 20 Several interactions between MTs, dynein and membrane-associated proteins have been associated with endosomal trafficking. Dynein is required for EGFR sorting and the morphogenesis of early endosomes 21 and dynein LIC-1 retrograde motor protein subunit has been reported to interact with Rab4A. 22 MTs are also implicated in a rapid recycling pathways involving the transferrin receptor 23 and play a role in the transport of epidermal growth factor (EGF) RTKpositive endosomes through the plus-end motor KIF16B, 21, 24 implicating a role for MT-based proteins in RTK transport. In mammalian cells, MTs are polarized with a slow-growing minus-end and a highly dynamic plus-end alternating between phases of growth and shrinkage, towards the cell periphery. [25] [26] [27] The functions of MTs are highly dependent on protein associations at their minus-and plus-ends. 20, 28 The MT plusend tracking proteins (+TIPs) are a structurally and functionally diverse group of proteins that accumulate at MT plus-ends. 28, 29 The cytoplasmic linker protein of 170 kDa (CLIP-170) was the first +TIP identified, 30 although more than 20 different +TIPs have now been characterized. 31 These +TIPs contribute to loading cargo onto MTs for minus-enddirected transport towards the cell center. 32, 33 CLIP-170 has a key role in linking MTs to membrane trafficking. 34 CLIP-170 has been suggested to be critical for the migration of EGFR-containing endosomes through a dynein-driven transport. 35 However, to date, our understanding of how the MT-based machinery functions in endocytic trafficking of RTKs remains poorly understood.
Here, we provide evidence for the involvement of CLIP-170 in the recycling of the Met RTK. We show that CLIP-170 co-ordinates the recycling and the transport of Met-positive endocytic vesicles towards the plus-end of MTs and at the cell cortex. We assign a functional role for CLIP-170 in the recycling of the Met RTK through direct binding of CLIP-170 to GGA3. We show that Met recycling is functionally required for the HGF-dependent cell migration. These results link both endocytic and MT-based processes in Met RTKmediated biological outcomes. Accumulating evidence supports a role for MTs in the recycling of cargo, 36 including RTKs. 24 To determine if MTs are required for Met localization to the cell cortex (PM and lamellipodia), cells were pretreated with the MT depolymerizing drug nocodazole or the stabilizing MT drug taxol. Treatment of cells with nocodazole or taxol abrogated HGF-dependent Met recycling from endosomes back to the PM by 98.2% and 57.6%, respectively ( Figures 1A,B and S1A,B) . The +TIP, end-binding protein 1 (EB1), is required for HGF-induced cell extensions in three-dimensional (3D) culture conditions and for vesicular trafficking to extensions. 37 To identify if +TIP binding proteins are implicated in Met localization, we used an RNA interference-based strategy to knockdown (KD) EB1. Depletion of EB1 decreased Met localization to the cell cortex in response to HGF ( Figure 1C ). EB1 depletion or dephosphorylation also results in CLIP-170 delocalization from MTs (Figure S1C,D) . 38, 39 Hence the observed effects of EB1 KD on Met localization could be mediated through CLIP-170. KD of CLIP-170, but not other +TIP binding proteins, such as IQ motif containing GTPase activating protein 1 (IQGAP1) or P150Glued, 31 decreased Met localization to the cell cortex in response to HGF ( Figures 1C and   S1C ,D) and this was rescued by the re-expression of a nontargetable CLIP-170 expression construct ( Figures 1C and S1E ). To confirm this, we performed an immunofluorescence (IF)-based recycling/localization assay. 8 Following CLIP-170 depletion, Met localization to the cell cortex in response to HGF was reduced from 80% to 10.7% ( Figure S1F ). A reduction in tyrosine phosphorylation of Met and its signal transducer, Gab1, were detected in CLIP-170 KD cells after 20 minutes of HGF stimulation, consistent with a decreased recycling to the cell cortex ( Figure S2A ). 8 Subcellular fractionations of PM/lamellipodia and cell body-enriched fractions 40 further confirmed that Met protein levels were decreased in the PM/lamellipodia fraction of CLIP-170-depleted cells ( Figure 1D ). Together, these data demonstrate that EB1, and its binding partner, CLIP-170, 38 are necessary for Met localization to the cell cortex.
The Rab family of small GTPases acts as molecular switches that spatially and temporally regulate vesicle transport. 41 Met recycles to the cell cortex through a Rab4-dependent pathway, which can be visualized using Alexa-555-labeled HGF. 8 As a complementary approach, we took advantage of EB3-GFP construct overexpression that occludes and displaces the plus-end binding of CLIP-170 by inhibiting CAP-GLY-EEY/F interactions. 38 Overexpression of EB3-GFP alters Rab4-positive vesicles to the cell cortex ( Figure 2F ). Overexpression of EB3-GFP resulted in an approximate decrease of 50% in Met recycling ( Figure S3A Figure S2J and Section 4 for details). The percentage of the directed movement (H) and the speed of vesicles (I) were quantified. (J) Left, CTL and CLIP-170 KD cells were surface-labeled on ice with Sulfo-NHS-SS-biotin, stimulated 7 minutes with HGF at 37 C. Biotin from remaining cell surface receptors was removed by MesNa treatment at 4 C. Cells were then rewarmed to 37 C for the indicated times to allow recycling, followed by a second reduction with MesNa. Graph on the right shows the amount of recycled Met receptor expressed as the percentage of the pool of biotinylated Met during the internalization period, as described in Together, these findings support a requirement for the MT binding head domain of CLIP-170 for Met recycling, while the Met binding CC domain alone is required but not sufficient. Figure S4E ). Taken together, these results indicate that CLIP-170 is essential for HGF-dependent cell extension and migration.
| CLIP-170 depletion abrogates HGF-dependent cell motility and cell protrusion dynamics

| CLIP-170 regulates specifically Rab4 vesicle mobility and HGF-dependent cell migration
The role for CLIP-170 in cell migration and its ability to regulate MT dynamics has been documented. 42, 46 To assess the impact of CLIP- 
| CLIP-170 binds Met RTK via the GAT domain of the GGA3 adaptor
We previously reported that GGA3 protein is recruited to an activated
Met RTK cargo complex that is present within the early tubular endosomal network via Crk and Arf6. 8 As the inhibition of GGA3 by RNA was decreased when GGA3 was depleted ( Figure 6B ). However, depletion of GGA1 or GGA2 did not affect this interaction ( Figure S4G,H) , supporting a specific role for GGA3 in the recruitment of CLIP-170 via its CC domain to Met. CLIP-170 coimmunoprecipitated with GGA3 in the absence of HGF, indicating that CLIP-170 forms a constitutive complex with GGA3 ( Figure 6C ). Together, the data support that GGA3 is an interface for the molecular interaction between Met and CLIP-170.
To further characterize the interaction of GGA3 with CLIP-170, we performed structure-function studies, which revealed that CLIP-170 bound specifically to the GAT domain of GGA3 but not to the VHS and GAE domains ( Figure 6D,E and S5A ). Furthermore, to confirm whether this interaction is direct, we examined the ability of a GST-fused GGA3 GAT domain to bind CLIP-170 WT and the CC mutant. We also use a known GAT domain binding partner, TSG101 Figure 6F ). As expected, the GAT domain of GGA3 bound to TSG101. Interestingly, we also observed an association with CLIP-170 WT and with the CC mutant, revealing a previously undescribed direct interaction between CLIP-170 and GGA3 ( Figure 6F ).
To confirm the role of the GGA3 GAT domain in the formation of a Met/CLIP-170 complex, we measured the mobility of Rab4-positive vesicles upon HGF stimulation in cells overexpressing GAT-N194A, a GGA3 mutant that specifically uncouples it from interaction with Arf-GTP proteins. 8, 47 This mutant is also predicted to selectively disrupt the interaction with CLIP-170 by competing with endogenous GGA3, while maintaining CLIP-170 at MT plus-ends. We observed that the GGA3 GAT-N194A mutant coimmunoprecipitated with CLIP-170
( Figure S5B,C) , supporting that the GGA3/CLIP-170 interaction is independent of Arf-GTP activity. As expected, the net directionality The superfamily of kinesins is among the molecular motors involved in intracellular transport. Kinesins use MTs as a "rail" to transport cargo and to drive plus-end-directed anterograde transport. 50 The kinesin KIF16B regulates endosome motility towards MT plus-ends and regulates motility of EGFR-positive endosomes enhancing EGFR recycling. 24 It would be of interest to investigate whether a similar regulatory mechanism of Met plus-end transfer could be orchestrated by a member of the kinesin superfamily after capture of Met-positive vesicles by CLIP-170. Using another stimulus such as EGF, we emphasized a specific role of CLIP-170 on Met recycling.
Moreover, because CLIP-170 depletion did not affect the mobility of Rab4-positive vesicles in response to EGF stimulation, we can postulate that this process is linked to Met rather than the Rab4 GTPase adaptor.
Structure-function and rescue experiments revealed that removal of the head domain of CLIP-170, which is required for interaction with MTs 51 and other +TIP binding proteins such as EB1, 52 Given the high structural homology between GGA family proteins, 53 we found that GGA3, as well as GGA1 and GGA2, interact with CLIP-170. Our previous results showed that the association of GGA3 with Met RTK involved a constitutive interaction between GGA3 and the Crk adaptor protein. 8 Dynamic instability of MTs is controlled spatially and temporally by growing/shrinking phases and by catastrophes/rescue events, 25, 26 which are modified by interaction with +TIPs. 54 Hence, CLIP-170 may spatially promote accessibility of Met/GGA3/CLIP-170 Rab4-positive endosomes to growing MT plus-ends. The in vivo plus-end tracking behavior 51 as well as the in vitro property of CLIP-170 linking endosomes and MTs 43, 48 may also support the function of CLIP-170 as a rescue factor stabilizing tracks containing Met/Rab4 endosomes. This interpretation is supported by a recent observation that EB1 is required for HGF-induced epithelial cell protrusions in 3D cultures and trafficking of VAMP3-positive endocytic vesicles into these protrusions. 37 Our results provides a mechanistic understanding for this data where depletion of EB1 causes loss of CLIP-170 from MT plusends, 38 resulting in decreased Met recycling to cell protrusions. However, the stabilization of MTs alone is insufficient for Met recycling because overexpression of EB3, which stabilizes MTs, 38 
| Analysis of MT dynamic instability
| Three-dimensional tracking of vesicles
| Motility assay
Live-cell motility was analyzed as described previously 40, 57 except that pictures were collected for 420 minutes at 5 minutes intervals. 
| Far-western blotting
HeLa cells were transfected with the indicated constructs, immunoprecipitated, separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were incubated with either GST or GST-GGA3 GAT fusion proteins in lysis buffer (20 mM Hepes, pH 7.5, 120 mM NaCl, 2 mM EDTA, 10% glycerol, 1 mM PMSF, 10 mg/mL aprotinin and 10 mg/mL leupeptin) and bound GST-fusion proteins were detected using an anti-GST antibody.
| Subcellular fractionation of PM/lamellipodia proteins
Proteins localized in lamellipodia were purified, as previously described. 40, 59 Briefly, cells were plated on 3 μm porous polycarbon- 
| Quantification of immunofluorescence
Quantification of colocalization was as described previously. 8 Briefly,
MetaMorph software was used for object-based colocalization measurements. Images were smoothed with a 3 × 3 low-pass filter, and endosomes were identified and counted using size estimates and intensity thresholds in each image set. Binary images were created for each set of endosomal spots and were combined pair-wise to give only the "colocalized" spots. The minimum spot size was set to remove any small spots because of partial, and likely random, overlap of spots. Results were logged into Excel for analysis. Values for all analyses including colocalization and vesicle counting represent mean AE SEM.
| Recycling assay
For biotinylation assays, cells were serum-starved and pretreated with low levels of 10 nM lactacystin and 100 nM concanamycin inhibitors for 1 hour before chilling on ice and biotinylation for recycling assays, as described previously. 8, 61 After biotinylation, cells were stimulated with 0.5 nM HGF at 37 C in the presence of inhibitors for 7 minutes to allow internalization. Cells were placed on ice, stripped with reducing reagent (100 mM sodium 2-mercaptoethanesulfonic acid [MesNa] in 50 mM Tris-HCl [pH 8.6], 100 mM NaCl, 1 mM EDTA and 0.2% BSA) to remove noninternalized biotinylated proteins, and then returned to 37 C. To determine percentage of internalized proteins that recycled, cells were returned to ice, subjected to a second reduction with MesNa prior to lysis, recovered with NeutrAvidin-agarose beads, and immunoblotted for detection of Met levels. Percent recycled Met was determined by quantifying immunoblots (n = 3)
using the LI-COR Odyssey scanner and software (LI-COR Biosciences).
The cycloheximide, lactacystin, sodium 2-mercaptoethanesulfonic acid and iodoacetamide were purchased from Sigma. EZ-Link Sulfo-NHS-SS-Biotin and NeutrAvidin were obtained from Pierce Chemicals.
Lactacystin and concanamycin were from Calbiochem.
| Immunofluorescence recycling assay
Quantification of colocalization was as described previously. 8, 21 Briefly, cells grown on glass coverslips were pulsed with prewarmed (37 C) 0.5 nM HGF for 5 minutes, washed five times with Leibovitz-15 medium containing 0.2% BSA at 4 C, and chased at 37 C for 20 minutes, then fixed and processed for IF. Cells were scored on the ratio of endosomal over PM staining of Met and reported as mean AE SEM (n = 4). MetaMorph software was used for object-based colocalization measurements as described above (see Section 4.11). In each experiment, a minimum of 20 fields was scored.
| Quantification of Met aggregated
To determine the percentage of cells with aggregated (A), partially aggregated (PA) or dispersed (D) Met, GFP alone or EB3-GFP transfected cells were stimulated with 0.5 nM HGF for 20 minutes and fixed with formaldehyde. The Met-positive vesicles "at the MTs plusends" have been scored at the vicinity of +end, stained with EB3-GFP.
The number of cells with aggregated, partially aggregated or dispersed Met were determined as previously described. 33 
